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Abstract: While the use of alien insect species for food and feed can help to alleviate protein shortage 
and provide for a more sustainable feed production, their invasive potential should be considered 
since invasive alien species represent one of the five main global threats to biodiversity. In the 
European Union (EU), eight insect species have already been authorized to be used as feed ingredients 
for aquaculture organisms, pets, poultry, and pigs. These species were selected based on available 
national risk assessments, as most of them are non-native to Europe. However, it is not clear how 
these risk assessments truly consider all EU bioregions, given that the information used was mostly 
biased towards northern European regions. As a large proportion of invasive alien species already 
present in the EU were introduced unintentionally, it is therefore crucial to understand and manage 
the potential pathways of such introductions in a more effective way. Here, we provide a critical 
overview of the potential risks of rearing alien insect species as feed or as pet food (for both livestock 
and exotic pets) in the EU. The results showed that some of these insect species have an invasive 
potential, either due to their reproductive capacity in different climates or due to the fact that they 
have already established populations in areas where they were introduced, with negative effects 
on local ecosystems or causing economical losses. For this reason, it is recommended that risk 
assessments should be performed in other EU bioregions as well as monitoring programs to control 
the spread of insect species with invasive potential. In addition, other available native insect species 
with potential to be used as feed ingredients should be considered. 
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1. Introduction 


The current prediction of human population increase (estimated in more than 9 billion 
by 2050) urges the need to provide sufficient nutritious food for all. However, the need 
to increase food production does not come cheap, as the availability of natural resources, 
arable land, and natural stocks are decreasing [1]. More recent estimates suggest that food 
production will have to increase by 60% to feed everyone [2]. 

Most of the arable land worldwide is used to grow grains, including soybean, rice, 
and wheat. These crops require large areas of arable land often in regions of ecological 
and economic global importance, contributing directly for the deforestation in several 
developing countries [3,4]. In addition, grain crops such as soybean have a high energy, 
water, chemicals, and soil footprint [5]. A huge proportion of these grains is produced for 
animal feed. Some animals (e.g., carnivorous fish) require a high protein diet for optimal 
growth [6]. Fish meal and soy meal both have high quality protein and are the most used 
protein sources for animal feeding [1]. 
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Fishmeal and fish oil are obtained from natural stocks, representing an important 
percentage of the total world fisheries. The total world fish production has increased 
from 167 million tonnes in 2014 to 179 million tonnes in 2018, and the share of world 
fish production used for direct human consumption has increased from 146 in 2014 to 
more than 156 million tonnes in 2018. Almost all of the remaining 22 million tonnes 
(21 million in 2014) were destined to non-food products, of which 82 percent (18 million 
tonnes) (15.8 million in 2014) were processed to produce fishmeal and fish oil in 2018 [1,7]. 

Global feed production is the main cause of the environmental impacts of livestock 
production, representing up to 71% for eutrophication and 85% for climate change induced 
by pig production, 78.8% of environmental impact for poultry production, and up to 99% 
of marine eutrophication for farmed fish [8-11]. 

Therefore, due to a growing population and the environmental impacts currently 
caused by feed production and use, there is a clear need for alternative sources of protein 
for animal feeds and human food. However, these need to be obtained through sustainable 
methods. In this context, insects show great potential, as their production requires using 
warehouses rather than large field areas. They are good food converters, use much less 
water than livestock or agricultural crops, and have high protein values depending on 
species and life stage (larval, pupal, adult) [12]. 

When compared to other animal sources of protein, insects have higher edible portions, 
since they can be eaten whole (with only a few parts at times not being used) [12]. In 
addition, some insect species can be used for the conversion of organic wastes, which 
reduces the rearing costs [13,14]. 

Hence, insects are good alternatives for animal protein production and over the last 
years several companies have started to produce insects at a commercial scale for use 
as animal feed or even human consumption as snacks or cereal bars. In the EU, there 
are several features regarding the species of insects used for this end, namely not being 
pathogenic or not having adverse effects on plant, animal, or human health (e.g., diseases 
vectors). Additionally, these insects should not be listed either as protected or invasive alien 
species. These features were introduced in the EU by the commission, through the Regu- 
lation No 2001/999 (Annex IV), amended by the Regulation 2017/893 (Annex X), which 
authorizes the use of insect protein as an ingredient for aquaculture feed. The insect species 
currently reared in the EU are considered to fulfil all safety conditions legally determined 
for insect production for feed. To date insect species whose production has been autho- 
rized in the EU for this purpose are: Black Soldier Fly (Hermetia illucens Linnaeus, 1758) 
(Diptera: Stratiomyidae), Common Housefly (Musca domestica Linnaeus, 1758) (Diptera: 
Muscidae), Yellow Mealworm (Tenebrio molitor (Linnaeus, 1758)) (Coleoptera: Tenebrion- 
idae), Lesser Mealworm (Alphitobius diaperinus (Panzer, 1797)) (Coleoptera: Tenebrionidae), 
House cricket (Acheta domesticus Linnaeus, 1758) (Orthoptera: Gryllidae), Banded cricket 
(Gryllodes sigillatus (Walker, 1869)) (Orthoptera: Gryllidae) and Field Cricket (Gryllus assimilis 
(Fabricius, 1775)) (Orthoptera: Gryllidae) [15]. 

In November 2021, another insect species was added to the list of currently authorized 
insect species for production of animal protein for feed-use in the EU, which was considered 
to have the safety requirements for feeding non-ruminants farmed animals, the domestic 
silkworm (Bombyx mori Linnaeus, 1758) (Lepidoptera: Bombycidae), a species already 
farmed for the silk market, and implement through the Regulation (EU) 2021/1925. 

Moreover, also in 2021 with the Regulation (EU) 2021/1372 of 17 August 2021, the 
EU Commission Regulation lifted the “feed ban” rules for non-ruminants farmed animals, 
which now has authorized the production and use of insect proteins as an ingredient in 
formulated feeds for poultry, swine, pets (e.g., dogs, cats, birds or reptiles), and fur animals 
(e.g., Mink (Mustela lutreola (Linnaeus, 1761)) (Carnivora: Mustelidae)). 

Some of these EU authorized species are exotic in the European territory (e.g., 
A. diaperinus, G. sigillatus, G. assimilis, and B. mori), and it is not clear how risk assessments 
related to insects being used as animal feed conducted in northern European countries, such 
as Belgium, the Netherlands, or France, can be representative of all EU bioregions, namely 
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those in southern countries. Moreover, most insect species that are considered invasive 
in Europe were introduced unintentionally (e.g., Asian tiger mosquito Aedes albopictus 
(Skuse, 1894) (Diptera, Culicidae), Asian long-horned beetle Anoplophora chinensis (Forster, 
1771) (Coleoptera, Cerambycidae)), by means of transportation of agriculture products, 
ornamental plants, or shipment transport, with just a small portion being deliberately 
introduced for biological control (e.g., the multi-coloured ladybeetle, Harmonia axyridis 
(Pallas, 1773) (Coleoptera, Coccinellidae), the whitefly parasitoid Encarsia formosa Gahan 
1924 (Hymenoptera, Aphelinidae), and the ailanthus silkmoth Samia cynthia (Drury, 1773) 
(Lepidoptera, Saturniidae)) [16,17]. 

Exotic species can become stablished in new environments through a diverse evolu- 
tionary adaptability [18], and those with a favourable genetic variability if introduced in 
habitats with particular conditions and biotic pressures may often experience rapid evo- 
lutionary adjustments [19]. Moreover, species currently considered to have low potential 
as invasive species might increase this potential, as climate change pushes mean global 
temperature up, which may prompt the spread of insect species to higher latitude and 
altitudes (increasing the threat of pests in crops and forests) [20,21]. 

Increasing temperatures have enabled the spread of insect species to more northern 
parts of Europe with the additional aid of accidental transport by humans, or indirectly 
benefited by human infrastructure [22]. This northward movement of insect species is 
expected to cause more impacts to the environment, where insect pests may present both 
increase in population growth and metabolic rate in temperate regions [23]. Additionally, 
with a 2 °C higher mean global temperature, the crop losses for insect pests are estimated 
to escalate by 46, 19 and 31% for wheat, rice, and maize, respectively [23]. Furthermore, 
there is no likely saturation for the current invasion of species in a global scale with new 
pathways for introduction appearing constantly [24]. 

The present work aims to provide a critical review of potential underling risks of 
rearing non-native insect species for both livestock feed and as pet food with an emphasis 
in the EU, but also addressing other regions around the world and discussing the possibility 
of rearing native species. 


2. Materials and Methods 


For this critical review, a systematic search was performed using the search databases 
of Web of Science™ (WoS™), Scopus, Google Scholar, Science Direct, CABI Data Repository, 
and the Global Biodiversity Information Facility (GBIF). We searched for peer-reviewed 
journal articles that provided an evaluation on the nutritional composition of commercially 
available insects currently used as feed for livestock and pets. 

The keywords and search syntaxes used were: “insect meal”, insect nutritional com- 
position”, “insect rearing”, “insect as feed”, “live food”, and “insects for animal food”. 
We also used several combinations of these keywords in various languages (for example, 
traditional Chinese, Japanese, English, French, Spanish, and Portuguese). 

Due to the lack of scientific information on the name of insect species commonly used 
as pet food, we complemented our search by surveying online fora of exotic pets’ care, and 
exotic pet shops websites to find this information. The species found to be produced as 
exotic pet’s food were only included if found on two or more websites and those no longer 
available in the market were excluded. 

Insect species used both for livestock and exotic pets were then selected and a sys- 
tematic search was performed in the search databases previously mentioned to investigate 
their invasive potential by adding the species name to keywords: “first record”, “invasive 
potential”, “temperature limit”, “rearing conditions”, “pest control”, and “thermal perfor- 
mance”. This search was carried out mostly targeting the EU, but also addressed other 
regions around the world (hence the use of search engines in different languages). 

Species found to have potential nutritional profile to be used as animal feed or with 
desirable rearing conditions for this end were included as potential opportunities to the 
current insect markets. 
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The present study specifically targets insects reared as feed for livestock and pets, 
considering the positive and negative impacts they have, both for native fauna and flora 
and the environment. Therefore, insect species used exclusively for human food, alternative 
medicines, or snacks were excluded since they are not used for animal feed, as well as 
species harvested in the wild. 

To avoid confusion onwards, the terms used are exotic pet’s food (for insects that are 
sold whole dried), live feed (for when they are sold alive to feed exotic pet’s), pet’s feed (for 
when insects are used as ingredients for pet feed), and livestock feed (for when the insects 
are used as ingredients for livestock feed). 


3. Results 
3.1. Potential Risks of Introduction of Exotic Insect Species Being Used for Livestock Feed and 
Exotic Pets’ Food in Europe 

The introduction of exotic species is an important cause of many agricultural crop 
losses, with high impacts in food production [25]. The impact suffered from the intro- 
duction of insects pest is especially harmful in developing countries with less diverse 
Gross Domestic Product (GDP) income such as Sub-Saharan Africa countries, that are 
more dependent on agriculture [25]. Despite increasing awareness, invasions by alien 
species are still occurring at an accelerated pace due to human transportation and activities 
worldwide [26], with the introduction of alien species being one of most rapidly growing 
causes of native species extinction worldwide [18]. Insects’ invasions have high economical 
costs, with estimates of a minimum of US$ 70 billion (€63 billion) per year globally in goods 
and services and US$ 3.6 billion (€3.25 billion) in Europe alone [27]. The total health costs 
caused by invasive insects can exceed US$ 6.9 billion (€6.23 billion) per year globally [27]. 

Nonetheless, risk assessment studies in more southern European countries addressing 
insect species currently produced for exotic pet’s food and livestock feed in Europe, namely 
on their invasive potential, or impacts to native species, are still largely missing. This 
scenario is even more pronounced for insect species being produced to feed exotic pets, a 
practice that more often than desired is unregulated. We provide here a compilation on the 
most common insect species reared as exotic pet’s food and as livestock feed and address if 
the species is native to the territory where it is being produced and discuss its potential 
for invasion. 


3.1.1. Hermetia illucens Linnaeus, 1758 (Diptera, Stratiomyidae) 


Commonly known as the Black Soldier Fly (BSF), H. illucens (Figure Ala) currently 
has a cosmopolitan distribution, being native from the Neotropical region [28]. It is a 
species largely produced in the EU, for both pet food and aquaculture feeds. One of its 
key features is its remarkable waste processing ability that is already being explored by 
some companies [14]. BSF is also the target of many studies on its use as an ingredient for 
aquafeeds formulations [29,30], as well as feed for livestock, such as pigs [31]. Although 
rare, there are records of BSF causing myasis in humans. A report from Cuba specifically 
refers a case of intestinal myasis caused by the larvae of BSF [32]. There are other records 
of enteric myasis in humans caused by this species in Malaysia and Costa Rica [33,34]. 
Additionally, a rare case of animal myasis caused by BSF was reported from a domestic 
dog in Argentina [35]. Due to its industrial use, BSF has settled across Europe, now being 
considered a cosmopolitan species found in the wild in multiple countries, that continues 
to spread its presence and having been recently recorded from Slovenia in 2011, Greece in 
2015, the Czech Republic in 2017, and Russia in 2019 [36-39]. 


3.1.2. Musca domestica Linnaeus, 1758 (Diptera, Muscidae) 


The common housefly, M. domestica (Figure Alb) is a cosmopolitan species, that it is 
known to carry diseases and to be highly associated to humans’ activities. It is often found 
close to kitchens in residences and restaurants, where there is food available which attracts 
them to breed, becoming a nuisance for people and possibly spreading pathogens [40]. The 
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house fly also has usages for animal feeding or food waste management, being studied 
for use in aquaculture or poultry feeding [41]. They can be used successfully for swine 
manure biodegradation, reducing its ecological impact [42]. They can also be successfully 
used as poultry feed, increasing the live weight of chickens [43]. This species is known to 
carry pathogens for both humans and farm or pet animals such as Salmonella enteritidis [44], 
Escherichia coli O157:H7, and Campylobacter spp. [45]. The house fly displays a long fly 
range, being able to reach up to 7 km and, as such, colonize distant places from its 
breeding sites [46]. 


3.1.3. Drosophila melanogaster Meigen, 1830 (Diptera, Drosophilidae) 


This fruit fly species, D. melanogaster (Figure Alc), is originated from sub-Saharan 
Africa, but now has a cosmopolitan distribution, including islands [47]. This species 
is widely used for research in genetics, microbial pathogenesis, physiology and life his- 
tory, since the early 1900's, making it one of the most studied insect species [48]. In the 
exotic pet market, they are found to be sold as flightless flies, that are suitable as live 
feed for small species of lizards and anurans [49]. Although they are distributed around 
the world, there is no record of impacts caused by this species, mostly due to the fact 
that they feed on decaying matter, not fresh fruits, and they are not known to carry any 
human pathogens [48]. 


3.1.4. Drosophila hydei Stutervant, 1921 (Diptera, Drosophilidae) 


This species is known as fruit fly, or vinegar fly, D. hydei (Figure Ald). Despite the 
name, it is not a pest for fruit crops, as some other flies within the genus, but rather feed 
on decaying and decomposing fruit on the ground [50]. It isa cosmopolitan species and 
popular live feed for pets such as reptiles, amphibians, or beta fish [51]. This species is sold 
at online pet shops as flightless flies, which makes them popular for feeding exotic pets, 
also this flightless feature lowers its ability for escaping and invade new ecosystems [51]. 


3.1.5. Gryllus bimaculatus De Geer, 1773 (Orthoptera, Gryllidae) 


The Mediterranean field cricket, or two-spotted cricket, G. bimaculatus (Figure Ale), 
is distributed along south Europe, Africa and Asia [52]. In the wild they have very small 
effective populations sizes, and need warm and moist oviposition sites [53,54]. They 
are popularly used to feed pet tarantulas and other animals [55]. Although this species 
needs warm climate for its development, they have been recorded in colder places in 
Europe, namely Belgium, Germany, and Poland, according to the Global Biodiversity 
Information Facility [56]. 


3.1.6. Gryllodes sigillatus (Walker, 1869) (Orthoptera, Gryllidae) 


The tropical house cricket, G. sigillatus (Figure Alf), native to Southeast Asia, is 
common on urban areas and sometimes occurs indoors, feeding on litter and vegetables, 
causing losses and a nuisance for households [57]. This cricket is used in Europe as pet 
food and can be sold live or canned [58]. This species was recently recorded as an invasive 
insect in Costa Rica, meaning it is spreading across the globe [59]. Moreover, the species 
was also found in the wild in the EU, specifically in Belgium, Germany and Austria [60]. 
The microbial content of this species was recently analysed, but more studies are needed 
for the identification of potential pathogens [61,62]. 


3.1.7. Gryllus assimilis (Fabricius, 1775) (Orthoptera, Gryllidae) 


Gryllus assimilis (Figure A1g), is a species of common brown cricket native to Jamaica 
and distributed in the Caribbean islands, south of Texas and Mexico [63]. It is commonly 
found in pet-shops being used as pet food in both the USA and Europe. Although in Europe 
many sellers claim to sell G. assimilis, they are actually selling Gryllus locorojo Weissman and 
Gray, 2012 (Orthoptera, Gryllidae) [64]. They have spread through Eastern United States, 
currently being found close to fish markets in Florida, and may have been introduced by 
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human activities and has a large population, in comparison to native crickets [65]. Although 
not settled in the wild in Europe, it has the potential for colonizing the Mediterranean area 
due to the absence of diapause [66]. 


3.1.8. Acheta domesticus Linnaeus, 1758 (Orthoptera, Gryllidae) 


Acheta domesticus (Figure Alh), commonly known as the house cricket, is likely native 
to southwestern Asia, but is now a cosmopolitan species due to its production and use 
to feed pets. Moreover, it is being tested for mass production for use as a feed ingredient 
replacement for fish meal for feeding livestock [67,68]. Wild populations have been found 
in California and Mexico, probably resulting from individuals that escaped from pet shops 
and bait shops [69]. 


3.1.9. Tenebrio molitor Linnaeus, 1758 (Coleoptera, Tenebrionidae) 


Commonly known as mealworm beetle, T. molitor (Figure A1i) is native to the Mediter- 
ranean region, and has been introduced to most temperate territories [70] and is now nearly 
cosmopolitan, found in all its life stages mostly in stored goods (e.g., wheat flour, maze 
flour) [71]. It is produced at an industrial scale, being used whole or dried for pets and, 
feed ingredient for livestock [12]. Although this species shows a great potential as livestock 
feed, it is considered a pest for stored goods (e.g., wheat flour), aiding the dispersal of the 
plant pathogen fungus Fusarium sp., and it is often used to study chemical pest control, as 
it can be easily cultured [72-74]. Despite being consider native to Mediterranean region, 
according to CABI it was introduced in Germany. It is also considered invasive in the 
Moldova Republic [75]. 


3.1.10. Zophobas morio (Fabricius, 1776) (Coleoptera, Tenebrionidae) 


Zophobas morio (Figure A2a), is commonly known in its larval state as superworm, 
and is easily found on online exotic pet shop for use as pet food for reptile pets [76,77]. 
Moreover, it presents high potential to be used as ingredient to feed livestock and for 
biodiesel production, making this species a strong candidate for mass production [78,79]. 
However, the superworm is also a pest of stored goods such as wheat flour, and is commonly 
used in studies addressing its control (e.g., the use of entomopathogenic fungus to control 
its larvae) [80]. 


3.1.11. Callosobruchus maculatus (Fabricius, 1775) (Coleoptera, Chrysomelidae) 


The cowpea weevil or cowpea seed beetle, C. maculatus (Figure A2b), is a cosmopolitan 
species, that originated from western Africa and invaded other parts of the globe probably 
by transportation along with vegetables and other crops [81]. Their larvae feed on legume 
seeds from the inside out, hence the name cowpea seed beetle. Adults do not need water 
or food, and spend their lifetime (two to three weeks) mating and laying eggs [82]. Due 
to its small size, this beetle is used to feed exotic pets that prefer small preys, such as 
pet geckos, small amphibians and invertebrates such as tarantulas, and it is mostly sold 
through British websites [83]. They are considered major pests of stored beans in countries 
of different continents that mass produce these legumes, including Brazil, China, India, 
and Nigeria [84]. Although they are not considered major pests in Europe, their pupae are 
relatively resistant to both cold (0 °C) and warm (42 °C) temperatures, which may represent 
a potential for invasion in some parts of Europe [85]. Moreover, increasing temperatures 
may cause pests such as the cowpea weevil to cross more zoogeographical boundaries, 
especially when considering the ability of this species to adapt to new hosts [84,86]. In 
Europe they are registered as an invasive species in France, Turkey, Greece, Italy, Spain, 
and South European Russia [87,88]. 


3.1.12. Pachnoda marginata (Drury, 1773) (Coleoptera, Scarabaeidae) 


The sun beetle, P. marginata (Figure A2c), is a species of Cetoniidae widely distributed 
in equatorial Africa, with several subspecies [89]. In captivity, their larvae can develop 
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very well when fed on beech litter and dry leaves [90]. The larvae are popular as live 
feeds for exotic pets in the United Kingdom, but also the adult beetles are kept as pets 
themselves [91,92]. There are no records of infestation or invasion caused by this species, 
however, P. interrupta a species of the same genera, is known for causing infestations on 
sunflower and sorghum crops in Sudan and more studies are necessary to address its 
invasive potential in the EU [93,94]. 


3.1.13. Alphitobius diaperinus (Panzer, 1797) (Coleoptera, Tenebrionidae) 


The larvae of this cosmopolitan species, A. diaperinus (Figure A2d), known as the 
lesser mealworm is native from sub-Saharan Africa [95]. It is produced in Europe as live or 
canned food for small reptiles, amphibians or birds [96]. This species is a common pest in 
poultry farms, feeding on manure [95]. When the larvae matures, they start to migrate and 
find pupation sites, in which they begin tunnelling their way to thermal isolation, through 
polystyrene, polyurethane and fiberglass pupating successfully on the first two, but causing 
damage nonetheless to these three materials, impacting the thermal isolation of poultry 
farms and causing economical losses for farmers [95,97,98]. Additionally, this species acts 
as a reservoir of avian pathogens such as infectious bursal disease virus (IBDV), Turkey 
enterovirus and rotavirus, Salmonella sp., the protozoan Eimeria, the Turkey coronavirus 
and Escherichia coli [99-104]. 


3.1.14. Locusta migratoria (Linnaeus, 1758) (Orthoptera, Acrididae) 


This grasshopper known as the migratory locust, L. migratoria (Figure A2e) is a major 
pest for crops, widely distributed in Southern Europe, Asia and Africa, and have spread 
through the northern hemisphere for more than 1 million years [105,106]. It forms dense 
adults swarms that can quickly infest crops [105]. It can be produced as live or canned food 
for larger pet lizards [107]. This species has developed a highly efficient energy supply to 
fly long-distances, which makes them more likely to invade new areas [108]. 


3.1.15. Schistocerca gregaria (Forskal, 1775) (Orthoptera, Acrididae) 


The desert locust, S. gregaria (Figure A2f) is common in Northeast Africa, but it may 
have originated from the Americas and have crossed the Atlantic by flight [109]. This 
species is produced in Europe and used as pet feed, it has a high protein percentage, up to 
76%, but it is low on fat, 13% [110]. Although it is used as live feed, this species has great 
potential as a pest, being the biblical locust popularized for forming massive swarms [109]. 
They can fly up to 150 km a day and can increase their number by 400 times in just six 
months and up to 8000 times after nine months. Furthermore, a single square kilometre 
of the desert locust swarm can contain up to 80 million adults and can consume the same 
amount of food in a day as 35,000 people [111]. In 2020, a swarm of S. gregaria hit several 
East Africa and Middle East countries [112,113], and is estimated to have affected 25 million 
people and costed US$1.3 billion (€1.16 billion) in damages inflicted over 23 countries [114]. 


3.1.16. Galleria mellonella (Linnaeus, 1758) (Lepidoptera, Pyralidae) 


The greater wax moth, as it is commonly-known or honeycomb moth, G. mellonella 
(Figure A2g), was first recorded as a pest in Greece by B.C. 384-322, as described in the 
writings by Aristotle [115]. It is now a cosmopolitan species found in all continents [116]. 
This species is used as model for understanding the virulence of bacterial pathogens in 
humans, for its ability to survive in temperatures up to 37 °C [117]. It is also used as live 
feed for pet invertebrates, amphibians and reptiles [118]. Moreover, it has the capacity to 
bio-degrade plastic (Polyethylene), although not necessarily to digest it [119]. Although 
the current wax moth pest status is under control, it can still rise its capacity to pest honey- 
bees in some countries due to climate change (in areas that are considered unsuitable for 
them now) [117]. 
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3.1.17. Shelfordella lateralis (Walker, 1868) (Blattodea, Blattidae) 


The cockroach known as red runner or rusty red cockroach, S. lateralis (Figure A2h), is 
a species used mostly as live feeds for pet reptiles, as it is considered easier to rear than 
mealworms by users of online forums of insect breeders [120,121]. It is native to a wide 
area of the Middle East, including Libya, Afghanistan, Pakistan, Uzbekistan, and southern 
Russia [122]. They are considered indoor pests, more commonly found in houses and 
offices with basements and gardens [123]. It was recently recorded for the first time in 
Cyprus and Turkey [124]. 


3.1.18. Blaptica dubia (Serville, 1839) (Blattodea, Blaberidae) 


The Dubia roach, also known as Argentinian wood roach, B. dubia (Figure A2i), is a 
tropical cockroach, found in Central and South America [125]. They are popular among 
exotic pet keepers, as it is a slow-moving insect that cannot climb smooth surfaces and 
is quieter than crickets. Despite their popularity for being easy to rear, Dubia roaches 
require high temperature and high humidity for a quicker and more effective development. 
Nevertheless, adults have been reported to survive in temperatures ranging from 8 to 
31 °C, which can make possible for them to survive in southern regions of Europe [126]. 


3.1.19. Blaberus crantifer Burmeister, 1838 (Blattodea, Blaberidae) 


The death’s head cockroach, B. craniifer (Figure A3a), is native to North America 
(Florida and Mexico) and Central America [127]. They are a terrestrial species with omniv- 
orous feeding on decaying organic matter [128]. They are a popular live feed for pet lizards 
and tarantulas, being commercially available online in the United Kingdom and United 
States [129,130]. Online forums and exotic pet shop websites recommend feeding them 
with fruits, vegetables, and dog’s wet food. Adults have a crude protein value of 66.6%, 
which makes them very nutritious for animals [131]. The recommended temperature for 
rearing ranges between 25 and 30 °C, with lower temperatures keeping production low, 
thus making this species less likely to invade new areas. 


3.2. Potential Risks of Non-Native Species Introduction for Livestock Feed and Exotic Pets’ Food in 
Other Regions 

In this section, we provide brief commentaries on the production of insects reared 
for animal feed in other regions of the world. The large-scale production landscape of 
insects remains consistent over different continents, commonly targeting the same species 
(e.g, H. illucens, T. molitor, A. domesticus, G. sigillatus), but for smaller scale production 
some differences do occur, namely the commercialization of some native species for exotic 
pet’s food. Therefore, we discuss which insect species are produced on specific regions 
and whether they have the potential to become invasive when they are not native for 
that region. If the insect species is native for that region, we discuss its potential to be 
invasive elsewhere. 


3.2.1. Africa and Middle East 


In the sub-Saharan Africa region (SSA), there is no report on constant and large-scale 
farming of insects for animal feeds [132]. Insects are indeed used as an ingredient for 
formulated feeds for both fish and poultry but are known to be harvested from the wild or, 
in the case of poultry, cultured specimens are raised outdoors and access wild insects [132]. 
In South Africa the company Agri-Protein has successfully upscaled the production of 
both BSF and House fly, and the company Sanergy is able to mass-culture BSF [133]. The 
other insect species reared in SSA are used in lab research or for households’ production 
for the exotic pet food market, not representing a large market share of insect use for 
feeding animals. While in some Muslim countries of North Africa and the Middle East the 
consumption of insects is forbidden to humans, its production for export to countries where 
they can be consumed as livestock feed has been promoted [134]. Although there is no 
available online information on the production of insects for other countries in the region, 
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Israel is mass-producing BSF and grasshoppers. The species produced as feed for animals 
were mostly BSF and mealworm. The other species not found in other world regions are 
listed below. 


Gromphadorhina portentosa (Schaum, 1853) (Blattodea, Blaberidae) 


The Madagascar hissing cockroach, also simply known as hissing cockroach, 
G. portentosa (Figure A3b), is endemic to the island of Madagascar [135]. Its name is 
derived by the hissing sound it makes by expelling air from a pair of specialized abdominal 
spiracles [136]. They usually feed on decaying organic matter, and in terrariums they can 
be fed with fresh fruit and vegetables. They are used mostly as live feed for pet lizards, but 
this species is at times raised as pets themselves. The average temperature suggested for its 
rearing is around 26 °C, with higher or lower values keeping production low, as already 
known for other species of Blattaria [137]. 


3.2.2. North America 


In North America alone the total yearly cost of invasive insects is around 
US$27.3 billion (€24.66 billion) for goods and services and around US$2.06 billion 
(€1.86 billion) for human health diseases [27]. Common pathways are maritime cargo 
carrying, wood, tiles, machinery, marble steel and ironware [138,139]. 

Insect species currently produced for animal feed in North America are similar to 
the ones produced in Europe. These include B. dubia, S. lateralis, H. illucens, M. domestica, 
D. hydei, D. melanogaster, T. molitor, Z. morio, G. melonella, and the crickets, A. domesticus, 
G. bimaculatus, G. sigillatus, and G. assimilis. Some of these species have invaded and spread 
through the United States due to escapes from pet shops and bait shops [65,69]. It is 
also listed below some other species found to be produced exclusively in North America. 
Description of previously mentioned species is not given, with only comments concerning 
their spread throughout North America being provided. 

Considering insects used as feed ingredient for livestock or live feed for exotic pets, 
the cricket G. assimilis has spread through the Eastern United States, being often found 
close to fish markets in Florida. This cricket may have been introduced by human activities, 
and has large populations in the wild, in comparison to native crickets [65]. 

Acheta domesticus populations were found in California and México, and are probably 
individuals that escaped from pet and bait shops [69]. Alphitobius diaperinus can be found 
in the United States of America infesting poultry farms [140]. 

Shelfordella lateralis has spread to the United States, being found in Arizona, and are 
considered house pests, found under matted ground and under debris in lawns [141]. 


Manduca sexta (Linnaeus, 1763) (Lepidoptera, Sphingidae) 


Manduca sexta (Figure A3c) is commonly known as the tobacco hornworm, or tomato 
hornworm, due to its characteristic head shape and feeding habits, which include solana- 
ceous plant leaves, for example, tobacco, tomato or potato [142]. They are native to North 
America and tend to predominate in southern areas [143]. They are sold in pet shops 
websites in the USA as live prey for small reptiles and pet tarantulas [144]. They rep- 
resent an important pest for solanaceous crops as described before, with their larvae in 
the wild not surviving temperatures below 15 °C and survival also declining at tempera- 
tures above 35 °C. Consequently, this species is more likely to survive and spread over in 
warmer regions [145]. 


Blaberus discoidalis Serville, 1838 (Blattodea, Blaberidae) 


Commonly known as the discoid cockroach, B. discoidalis (Figure A3d), is distributed 
through Central America up to the State of Florida in the USA [146]. They are often found 
in websites from the State of Florida as a replacement for B. dubia, whose trade is not 
allowed in this state [147]. It is sold as a cockroach easy to raise in captivity, since they 
cannot climb smooth surfaces such as plastic or glass, preventing escapes. This species 
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was also used as a model for building a power plant for an insect-based robot [148]. This 
species, such as the other Blattodea mentioned before, are limited in their upper thermal 
tolerance when exposed to different temperatures, as it cannot survive temperatures below 
10 °C or above 37 °C, posing little threat for invasion in colder environments [149]. 


3.2.3. Asia and Oceania 


In many Asian countries, insects are consumed as food for centuries as part of natural 
diets. In these countries it is relatively easy to introduce insects in the market both for 
livestock feeding ingredients and for exotic pets food [15]. In Thailand and some parts of 
China, the demand for insects has grown over the years and has been accompanied by more 
effective collecting techniques and the industrialization of insect rearing [150]. In Asia the 
total cost of the impact of alien insect species for goods and services is close to US$1 billion 
(€0.9 billion), as for Oceania the cost is about US$0.19 billion (€0.18 billion) [27]. However, 
these values are roughly estimated, due to a lack of comprehensive studies on biological 
invasions in countries such as China [151]. Due to the increase of having exotic pets (e.g., 
lizards) and the demand for insect meals as an ingredient for livestock formulated feeds, 
the production of insects in Asia has also grown. The species produced for livestock feeds 
are mostly BSF and T. molitor, but also the cricket A. domesticus [152]. The other species 
produced in the region for animal feed and pet food are listed below. 


Rhynchophorus ferrugineus (Olivier, 1790) (Coleoptera, Curculionidae) 


The palm weevil, R. ferrugineus (Figure A3e), is a snout beetle, native from South 
and Southeast Asia [153]. Adult beetles lay their eggs in frond bases (petioles), cracks, 
crevices and wounds in palm trees made by the females [154]. This species is produced as 
live or canned feed for pet, especially for pet geckos [152]. They are considered nutritive 
due to its high protein and fat content, 27.97% and 59.71%, respectively [155]. The grubs 
that hatch in the palm tree feed on it, which leads to the formation of tunnels inside the 
palm that often causes tissue decay. Overlapping generations of grubs can be found in the 
same palm, causing serious damage, leading to topping of the palm [154]. This species 
has expanded its geographical range since the 1980s, invading countries in Europe, Near 
East, Northern Africa, and the Caribbean. They are considered a palm plant pest and have 
caused economic impacts around the world. They can be easily distributed due to the 
import and movement of infested plant material [153]. 


Bombyx mori (Linnaeus, 1958) (Lepidoptera, Bombycidae) 


Bombyx mori (Figure A3f), is a moth species commonly known as silkworm and is 
native to China. They feed on mulberry leaves and are used for sericulture, the production 
of silk, long before the Bronze Age [156]. They were introduced throughout the world for 
sericulture, and more recently for human consumption and as pet food. The production 
of dry silkworm pupae reaches up to 440,000 tons per year in China alone, although most 
pupae are treated as waste from sericulture or used as fertilizer, some of them being used as 
ingredients for chicken or fish feed formulation [157,158]. Still a large number of desilked 
silkworm pupae is disposed, which can cause serious environmental problems due to 
putrilage of the waste [159]. China is the greatest producer of silkworm cocoons, followed 
by India, Uzbekistan, and Brazil. The silkworm was also introduced in other countries in 
Europe, Asia, and Africa [160]. This species is no longer able to fly, which makes them less 
prone to invade new ecosystems. 


Teleogryllus emma (Ohmachi & Matsuura 1951) (Orthoptera, Gryllidae) 


The Japanese field cricket, T. emma (Figure A4a), as the name implies, is native to the 
islands of Japan [161]. They occur all over Japan, with mean annual temperatures ranging 
from 7 °C in the north to 18 °C in the south [162]. They are popular as live feed for pets, 
and are massively produced in Japan and Korea for animal feed [163]. Albeit in the wild 
they survive in a wide temperature range, under laboratory conditions, the nymphs do not 
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survive temperatures lower than 18 °C; optimal egg laying temperature is 25 °C [164]. This 
species is dominated by the above-mentioned insect species G. bimaculatus for its diapause 
in the egg phase, making it less capable to establish itself in other regions [165]. 


3.2.4. South and Central America 


Agriculture is a primary sector that generates a massive income in developing coun- 
tries such as Brazil, where in 2020 the crop production reached US$91.15 billion 
(€79.79 billion) [166]. Insect pests of crops in Brazil generate an annual loss of approx- 
imately US$14.69 (€13.28 billion) to the Brazilian economy [167]. There is currently no 
information on the possible impacts on the farming of insects for animal feed in South 
America, such as T. molitor or H. illucens, which originates from the Neotropics. However, 
some insects produced for pet food, are considered pests, or have the potential to become 
invasive species [168], with species commonly found for sale being H. illucens and T. molitor, 
followed by Z. morio and G. assimilis. Other insect species found only in this region are 
mentioned below. 


Nauphoeta cinerea (Olivier, 1789) (Blattodea, Blaberidae) 


The Cinerous Cockroach, N. cinerea (Figure A4b), is native from north-eastern Africa, 
and has invaded Circumtropical regions, probably due to their associations with human 
ships [169]. It is an ovoviviparous species, popularly used as pet lizard live feed, since 
they are considered easy to keep due to its fast reproduction and little care required to 
maintain culture [170]. Although they reproduce fast, they do not grow significantly 
under lower temperatures, since their optimal growth occurs at 32.3 °C and they display a 
32% reduction of their growth rate when temperature drops to 28.3 °C [171]. For temperate 
regions, it shows a lower potential to become an invasive species, but further studies are 
required to evaluate its invasive potential in tropical regions. 


Oxyhaloa deusta (Thunberg, 1784) (Blattodea, Blaberidae) 


The red head cockroach, O. deusta (Figure A4c), has its name due to the unusual red 
colour of its head, which distinguishes it from other species. This ovoviviparous cockroach 
is native from Africa [128]. This species is typically reared to feed small pet reptiles due to 
its small size and soft cuticle [172]. This species seems to not reproduce in temperatures 
below 15 °C, which means they cannot populate temperate regions. It should be noted, 
however, that further studies are still needed to confirm this information [173-175]. 


Ulomoides dermestoides (Chevrolat, 1878) (Coleoptera, Tenebrionidae) 


Known as the peanut-beetle, U. dermestoides (Figure A4d) this species is native from 
Asia and was introduced in South America probably by Japanese’s colonies that used it 
for human consumption [176]. They are found as pests in stored products (e.g., corn and 
wheat) [168]. This species is popular both as live feed for lizards, birds and fishes, but 
also as human snack, or eaten as a popular medicine for asthma, leukaemia or sexual 
impotence [176]. This species represents a potential public health hazard since these 
beetles are capable of serving as a host for Macracanthorhynchus hirudinaceus (Pallas, 1781) 
(Oligacanthorhynchida, Oligacanthorhynchidae), a species of Acanthocephala, which can infect 
human beings [177]. 

In Table 1 is summarized the already known impacts on the environment or on the 
economy of the previous listed species, with information regarding the current distribu- 
tion and the species native range, as well as their main uses (i.e., exotic pet’s food and 
animal feed). 
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Table 1. Insect species produced for animal feed or pet food with information regarding their known 


impacts and distributional range. 


Current World Known or Invasive Invasive Potential 
Species Native Range Distribution Potential Main Uses Potential (References 
in the Wild Impacts /Impacts to Studies) 
Diptera 
; F F Worldwide except ; P 
Drosophila hydei Cosmopolitan ‘Aniancties Exotic pet’s food NO 
Drosophila Sub-Saharan Worldwide except ; 7 
melanogaster Africa Antarctica Exonepetstaed We 
oa : Worldwide except : ' Livestock Feed, 
Hermetia illucens Neotropical Antarctica Enteric myasis Pets feed YES [32-37,39,178-180] 
: Carries ‘ 
Musca domestica Central Asia enw excepe human /livestock hivesioc Fed, YES [46] 
Antarctica Pets feed 
pathogens 
Orthoptera 
. Southwestern Worldwide except Livestock Feed, 
Aca anes Asia Antarctica Pets feed ne 
is . Worldwide except Livestock Feed, 
Gryllodes sigillatus Southeast Asia Meaian cn Peis tend NO [59] 
Carribean North America, Tivestock end 
Gryllus assimilis islands and South America and 7 YES [65,66] 
Pets feed 
South Texas Europe 
Gryllus bimaculatus Mediterranean iL ia ang Exotic pet’s food NO 
7 . ; Africa, Asia, Europe : Pi 
Locusta migratoria Africa aneiOeeaiie Crop pest Exotic pet’s food YES [108] 
Awedoan Europe, Africa, 
Schistocerca gregaria : Southeast Asia, Crop pest Exotic pet’s food YES [109] 
> continent . 
Central America 
Teleogryllus emma Japan Korea and Japan Exotic pet’s food NO 
Coleoptera 
Alphitobius Sub-Saharan Worldwide except . Livestock Feed, 
diaperinus Africa Antartica Fouley erp Pets feed ane ea 
Callosobruchus West Attica Worldwide except Stored Exotic pet’s food YES [85] 
maculatus Antartica legumes pest 
Pachnoda marginata a Equatorial Africa Exotic pet’s food NO 
Rhynchophorus South and. Europe, Asia and ; P 
rune Biden Avid Ocenia Palm tree pest Exotic pet’s food YES [153] 
Worldwide except ; 
Tenebrio molitor Europe Antarctica and Stored Livestock Feed, NO [181] 
: good’s pest Pets feed 
South America 
Mleriaules Asia Asia Sted Exotic pet’s food YES [177] 
dermestoides cereals pest 
; Central ; Stored Livestock Feed, 
Zophobas morio p eene a Central America good’s pest Domed YES [79] 
Lepidoptera 
, 5 Worldwide except Livestock Feed, 
Bom meats oo Antartica Pets feed HO 
Galleria mellonella Asia Were except Haney Bee Exotic pet’s food YES [117] 
Antarctica nest pest 
Manduca sexta North America Americancontinent Solanaceous pest Exotic pet’s food YES [145] 
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Table 1. Cont. 


Current World Known or Invasive Invasive Potential 
Species Native Range Distribution Potential Main Uses Potential (References 
in the Wild Impacts /Impacts to Studies) 
Blattodea 
North and 
Blaberus craniifer Central foe sae Exotic pet’s food NO 
; Central America 
America 
Centra Central America 
Blaberus discoidales America and oa Florida US. ‘A) Exotic pet’s food NO 
Florida (USA) 
: ’ : American : j 
Blaptica dubia Neotropical Continent, Europe Exotic pet’s food YES [126] 
Gromphadorhina North America, ‘ : 
De aortas Madagascar Madagascar Exotic pet’s food NO 
Neaessien North America, 
Nauphoeta cinerea OEE aSteh Africa and Exotic pet’s food NO [169] 
Africa A 
Australia 
Oxyhaloa deusta Africa Africa Exotic pet’s food NO 
North America, 
Shelfordella lateralis Middle East Europe and Indoor pest Exotic pet’s food YES [124,141] 
Middle East 


3.3. The Potential of Native Species 


Despite the fact that current production of insect meals and products for human and 
animal feed mostly use Asian and neotropical species, it is already acknowledged that 
native species display good nutritional-values and conditions for mass production. The 
requirements for its mass production include a short life cycle, a high fecundity, and the 
ability to breed continuously in an artificial environment [182]. 

Recent studies showed that some Diptera, Coleoptera, and Orthoptera species present 
a high protein-value, comparable to soymeal, but lower than fishmeal. Nonetheless, the 
potential of order Diptera is still high as an alternative to fish meal by displaying a similar 
amino acid profile [183]. 

In fact, several insect species belonging to the orders Coleoptera and Diptera, which 
are part of the natural diets of Atlantic salmon (Salmo salar Linnaeus, 1758 (Salmoniformes, 
Salmonidae)), show adequate composition in polyunsaturated fatty acids (PUFA), nutrients 
necessary for fish growth. Therefore, they present significant potential to be used as a 
supplementation of the diets commonly employed to farm this fish [184]. 

Additionally, Apis mellifera ligustica Spinola, 1806 (Hymenoptera, Apidae) (Figure A4e), 
a subspecies of the European honeybee, showed great potential to be used as animal feed, 
due to its high protein content in the adult stage (51%). This species is also promising as a 
larva, presenting 30% of fat composition, which decreases over larval development, as well 
as it carbohydrates content [185]. 

Several blowflies show potential to be used as feed ingredients [186]. For instance, 
the blowfly (Chrysomya megacephala (Fabricius, 1794) (Diptera, Calliphoridae)) (Figure A4f) 
was evaluated as substitute of fishmeal in red Tilapia (Oreochromis sp.) production, with an 
average crude protein level of 54.4%. They contain all necessary amino acids to promote a 
suitable growth for this fish species. Feeds with 100% replacement of fish meal by maggot 
meals were successfully validated with no significant differences being recorded from a 
control commercial diet [187]. 

The Egyptian locust, Anacridium aegyptium (Linnaeus, 1764) (Orthoptera, Acrididae) 
(Figure A4g), occurring throughout most European territory, presents favourable PUFA 
percentages, although they have a low oil content, which can be used as co-product derived 
from the insect processing industry [188]. Pseudochorthippus parallelus (Zetterstedt, 1821) 
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(Orthoptera, Acrididae) (Figure A4h) is another Orthopteran native to Europe with a 
suitable nutritional profile to be used as exotic pet food or livestock feed [189]. 

The common green bottle fly, Lucilia sericata (Meigen, 1826) (Diptera, Calliphori- 
dae) (Figure A4i), is a blowfly found in most regions of the world [190]. Although they 
are known for causing myasis, with economic impacts for sheep producers [191], they 
present a high content in monounsaturated fatty acids and may be viable ingredient for 
animal feed [186]. 

In India, two preferred edible insect species have great potential to be used as an- 
imal feed: the ant Oecophylla smaragdina (Fabricius, 1775) (Hymenoptera, Formicidae) 
(Figure A4j) and the termite Odontotermes sp. (Figure A5a). Their protein content is 55.28% 
and 33.67%, their fat content is 14.99% and 50.93%, and their fibre is 19.84% and 6.30%, 
respectively. Their PUFA content is also important, with 8.19% for the first species and 
2.59% for the second one [192]. 

The Owl butterfly, Caligo memnon Felder, 1866 (Lepidoptera, Nymphalidae) 
(Figure A5b), native to South America also has a good potential to be used as animal 
feed, since it has a concentration of 62.5 mole % of «-linolenic acid (ALA) in total Fatty 
Acids, which is an essential omega-3 PUFA [193]. 

The dung beetle, Acrossus rufipes (Linnaeus, 1758) (Coleoptera, Scarabaeidae) 
(Figure A5c), is found in most of Europe and East Coast of the United States [194]. This 
species has great potential as animal feed, especially for fish, when considering their amino 
acid content. They exhibit essential amino acids, namely histidine and threonine, in higher 
concentrations than some cultivated fish species, such as catfish (Clarias gariepinus (Burchell, 
1822) (Siluriformes, Clariidae)) or crayfish (Procambarus clarkii (Girard, 1852) (Decapoda, 
Cambaridae)) [195]. 

The stick insect Cladomorphus phyllinum Gray, 1835 (Phasmida, Phasmatidae) 
(Figure A5d), native to the Brazilian forests [196], showed potential as an alternative 
insect-based protein source. The dried samples showed a protein content of 64.6%, with 
the presence of essential amino acids, and a lipid content containing 57.03% of oleic acid, 
15.94% of palmitic acid, 13.76% of linoleic acid and 10.76% of stearic acid [197]. 

The Chinese grasshopper Acrida cinerea (Thunberg, 1815) (Orthoptera, Acrididae) 
(Figure A5e), native to East Asia [198], was successfully used to replace the protein con- 
tent of broilers feed, an addition of up to 150 g Kg~!, and also showed potential to be 
mass reared [199]. 

The Mormon cricket, Anabrus simplex, Haldeman, 1852 (Orthoptera, Tettigoniidae) 
(Figure A5f), is native to North America, recorded for the USA and Canada [200]. This 
species has the potential to be used as broiler feed. No significant difference has been found 
between chicks fed with corn-soybean meal diet and the ones fed with corn-ground cricket 
when comparing weight gain and feed/grain ratio. Additionally, there was no adverse 
effect on the taste of the meat from the specimens fed the corn-cricket diet, as determined 
by a taste panel [201]. 

The field cricket native to China, Teleogryllus (Macroteleogryllus) mitratus (Burmeister, 1838) 
(Orthoptera, Gryllidae) (Figure A5g), synonym of Gryllus testaceus [200], has a crude protein of 
58.3%, crude fat of 10.3%, chitin 8.7% and ash 2.96% (on dry matter basis), respectively. When 
fed as a replacement of 15% of soybean meal, it showed no significant differences with the 
control group (poultry feedstuff) in weight gain, feed intake, or gain/feed ratio [202]. 

The variegated grasshopper, Zonocerus variegatus (Linnaeus, 1758) (Orthoptera, Acri- 
didae) (Figure A5h), is a common pest in Africa, and was recently reported in the United 
Kingdom [203]. However, its insect meal showed potential to be used as a fishmeal re- 
placement for the African catfish, Clarias gariepinus, in which a replacement of 25% had 
no adverse effects on both the growth rate and nutrient utilization when compared to the 
control group [204]. 

The Chilean moth, Chilecomadia moorei Silva Figuero, 1915 (Lepidoptera, Cosiidae) 
(Figure A5i), whose larvae are known as butterworm, is native to Chile. They are used to 
feed insectivore exotic pets such as geckos. They are considered to be a good source of fat, 
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due to its high fat content [205]. This species is popular among reptile owners since they 
have a distinct scent which attracts the lizards [206,207]. They are exported out from Chile 
to many countries and are not able to reproduce elsewhere, since they are dependent of 
the host tree Retanilla trinervia (Gillies and Hook.) Hook. and Arn. (Rosales, Rhamnaceae), 
endemic to Chile, and are considered a pest to this tree species [208,209]. 

Recently, the long-legged fly Machaerium maritimae Haliday, 1832 (Diptera, Dolichopo- 
didae) (Figure A5j), a fly species native to western Europe, adapted to thrive in brackish 
waters, was reported as a potential feed ingredient for aquaculture due to its content in 
important omega 3 PUFA, including eicosapentaenoic acid (EPA), an essential nutrient for 
the healthy growth of marine organisms [210]. 


4, Native vs. Non-Native Species 


Most of the insect species produced for both livestock feed and exotic pets’ food are 
known to be exotic in regions such as Europe. They have some advantages when compared 
to native insect species, such as well-established rearing protocols for mass production 
and extensive studies to improve their productivity and potential to replace mainstream 
ingredients in formulated animal feeds (e.g., fish meal in aquafeeds). Nonetheless, na- 
tive insect species are still interesting alternatives that are worth exploring, considering 
both the possible impacts caused by the escapes of exotic insects from pet shops and 
rearing facilities and the levels of some key nutrients on their biochemical profiles (e.g., 
PUFA). Both strengths and weaknesses, as well as opportunities and threats of using 
exotic or native species of insects as livestock feed are discussed below using a SWOT 
analysis (Figure 1). 

Exotic species demand a higher energy supply for climatic control due to their need 
for higher temperature, namely when species originate from tropical regions (e.g., BSF). 
The use of native species can help to overcome challenges that the industry of formulated 
feeds currently faces associated with the diversification of omega-3 sources to manufacture 
aquafeeds for marine organisms. 

The production of native species still lacks several studies, for instance regarding their 
microbiological content (particularly on Salmonella sp. or Escherichia coli, as their presence 
would make these species unsuitable for use as livestock feed ingredients). However, it 
is important to highlight that bacterial hazard for humans and animals related to insects 
originate from its rearing conditions, substrate, feed, handling, and processing, which 
needs to be carefully monitored to reduce the potential of these insects’ species to act as 
vehicles of known zoonotic pathogens. Despite this, the presence of bacterial pathogens for 
animals found in substrates do not seem to replicate actively in insects, emphasizing the 
importance of substrate selection [211]. 

In Europe, one of the conditions to produce an insect meal for animal feed is that the 
target species cannot be listed as invasive according to the Regulation (EU) No 1143/2014 
of the European Parliament and of the Council of 22 October 2014. This constraint is also 
an advantage to those advocating the use of native insect fauna to produce insect meals. 
However, the establishment of rearing protocols can be time consuming and financiallyde- 
manding, considering that it can take hundreds or even thousands of generations to attain 
a desirable lineage, optimal for mass production, with individuals resistant to high density 
production and disease [182]. These features are already displayed by the insect species 
currently approved by the EU, due to decades of rearing, namely BSF which has been used 
for long in forensic entomology. Some of the species that hold potential to be used as feed 
already have well-established protocols for laboratory-scale culture that can be upgraded 
for industrial uses. 

Regarding the legal framework in the EU on the production of insects for livestock 
feed, is currently limited to eight species (H. illucens, M. domestica, T. molitor, A. diaperinus, 
A. domesticus, G. sigillatus, G. assimilis, B. mori) considering that the origin of the substrate 
used for feeding the insects is not agricultural waste, or insects from the same species. The 
permission to use these insects as ingredients for formulated feeds employed in poultry and 
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swine production was recently approved by the Commission Regulation (EU) 2021/1372, 
following the authorization of insects in aquaculture animals (EU reg.2017.893) and pet 
which was already permitted. Other countries outside the EU (e.g., the USA and Brazil), 
current regulatory guidelines for the production of insects for livestock feed do not have 
a specific legislation. These fall under the novel foods category, meaning that rules that 
apply are those for any other food operator, considering that its production, packaging, 
transportation, and storage fall under the good hygiene conditions and that products are 
properly labelled [212]. 
Exotic Species 
WEAKNESSES 


Absence of Omega-3 FA 
* High production costs 
Less genetic variability 


STRENGHTS 
* Established rearing protocols 
* High productivity 

* Legal support 


OPPORTUNITIES —- THREATS 
Diseases 

* Business for small scale 
producers 

* Research and development 
improvement 


Invasions caused by 
escapes 
* Possible pathogenicity 


Native Species 
WEAKNESSES 


* Lack of rearing protocols 
Unknown microbiology 
No supporting 
legislation 


STRENGHTS 
* Omega-3 on coastal species 
* Available forharvest 

* More genetic diversity 


OPPORTUNITIES — 


Diseases 
* Market acceptance 
* Increase fishmeal replacement Possible pathogenicity 


* Diversification of food production 


Figure 1. SWOT analysis (strengths, weaknesses, opportunities, and threats) associated with the use 
of exotic and native insect species for livestock feed and exotic pets’ food. 


The production of native insect species can increase the biodiversity of food production, 
which today is considerably low, if one considers that only a dozen of species of animals 
provide up to 90% of all of the animal protein consumed globally and just four crop species 
provide half of all plant based calories for human diets [213]. Moreover, the production of 
native insect species can help to overcome the challenges of inbreeding, which reduces the 
intraspecific genetic variability, possibly making farmed populations more susceptible to 
disease that can cause significant economic losses [64]. 

Moreover, the insect production for livestock feed and pet’s food, faces the challenge 
of the possible allergenicity carried by the presence of IgE Immunoglobulin or tropomyosin, 
which is known for causing allergic reactions for human consumers, but also for pets such 
as dogs [214,215]. In addition, insects can accumulate heavy metals in their tissues if these 
are present in their feeding substrates (e.g., cadmium from wheat, rice, mussels and corns), 
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as well as pathogens from the rearing environment, which must be carefully considered 
when rearing insects for feed [216]. 


5. Final Remarks 


This review documents the most common species used for animal feed worldwide, 
both for livestock, and exotic pets, and briefly discussed their invasive potential when 
introduced in regions where they are exotic. Several insect species were highlighted with 
potential to be mass-produced as feed ingredients for animals, mostly due to their nutri- 
tional value. The review also highlights the potential of native insect species to be reared for 
feed, however, further research is necessary to establish adequate rearing protocols for their 
mass-production, or for their inclusion in formulated diets for livestock. Moreover, the use 
of these native insect species is important, considering that in the past the introduction of 
exotic species as biocontrol agents for pests resulted in the establishment of some of these 
species in regions where previously they were unable to settle [20]. Introduced species 
for biological control, not only were able to spread to areas that previously were consid- 
ered unsuitable for them, but also were recorded having impacts on non-target species, 
impacting local biodiversity. As such, biological control introduced species, such as the 
coccinellid H. axyridis, seems to be able to adapt and cope with climatic conditions different 
from its native range [217]. Further, the tachinid fly, Compsilura concinnata (Meigen, 1824) 
(Diptera, Tachinidae), which was introduced to control the spongy moth, Lymantria dispar 
(Linnaeus, 1758) (Lepidoptera, Erebidae), in North America, was found to parasitise several 
non-target species [218]. 

Rearing insects as livestock feed or as exotic pet’s food should be carried in indoor 
environments, not only for optimal productivity but also to prevent escapes of the ani- 
mals being produced and avoid exposure of the local environment to pests and diseases. 
Although rare, escapes can still occur, particularly when considering small-scale farms 
producing insects as live feeds for exotic pets. Consequently, risk assessment studies on the 
invasive potential of exotic insect species must be updated and revised for different regions, 
namely for southern EU countries (with milder winters which can facilitate the establish- 
ment of some species) that need to replicate risk assessment procedures already performed 
by other EU countries, namely France, Belgium, and the Netherlands. In addition, the use 
of native insect species should therefore be given a renewed attention. 
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Appendix A 


Figure Al. (a) Hermetia illucens [219]. Public Domain 2022 David Peden; (b) Musca domestica. 
Reprinted with permission from ref. [220]. Copyright 2013 Bill Lucas; (c) Drosophila melanogaster [221]. 
Public Domain 2018 Jesse Rorabaugh; (d) Drosophila hydei. Reprinted with permission from ref. [222]. 
Copyright 2017 James Bailey; (e) Gryllus bimaculatus. Reprinted with permission from ref. [223]. 
Copyright 2022 Valia Pavlou; (f) Gryllodes sigillatus [224]. Public Domain 2022 Jade Fortnash; 
(g) Gryllus assimilis. Reprinted with permission from ref. [225]. Copyright 2017 Andre Hospers; 
(h) Acheta domesticus. Reprinted with permission from ref. [226]. Copyright 2014 Chris Mallory; 
(i) Tenebrio molitor [227]. Public Domain 2021 Vesa Oikonen. 


Figure A2. (a) Zophobas morio. Reprinted with permission from ref. [228]. Copyright 2011 Brian 
Gratwicke; (b) Callosobruchus maculatus. Reprinted with permission from ref. [229]. Copyright 2021 
Savvas Zafeiriou; (c) Pachnoda marginata. Reprinted with permission from ref. [230]. Copyright 2019 
Steven Schulting; (d) Alphitobius diaperinus. Reprinted with permission from ref. [231]. Copyright 
2014 Marie Lou Legrand; (e) Locusta migratoria. Reprinted with permission from ref. [232]. Copyright 
2016 Enrique Baquero; (f) Schistocerca gregaria. Reprinted with permission from ref. [233]. Copyright 
2019 Altaf Habib; (g) Galleria mellonella. Reprinted with permission from ref. [234]. Copyright 2018 
Ellura Sanctuary; (h) Shelfordella lateralis. Reprinted with permission from ref. [235] Copyright 2020 
Dennis White; (i) Blaptica dubia. Reprinted with permission from ref. [236]. Copyright 2020 Maria 
Carolina Lago. 
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Figure A3. (a) Blaberus craniifer. Reprinted with permission from ref. [237]. Copyright 2016 Benjamin 
Schwartz; (b) Gromphadorhina portentosa. Reprinted with permission from ref. [238]. Copyright 
2018 Mica Fraire; (c) Manduca sexta. Reprinted with permission from ref. [239]. Copyright 2021 Jeff 
Skrentny; (d) Blaberus discoidalis. Reprinted with permission from ref. [240]. Copyright 2021 Luis 
Méndez; (e) Rhynchophorus ferrugineus. Reprinted with permission from ref. [241]. Copyright 2017 
Marcel Nadal; (f) Bombyx mori. Reprinted with permission from ref. [242] Copyright 1986 Lupoli 
Roland. 


Figure A4. (a) Teleogryllus emma. Reprinted with permission from ref. [243]. Copyright 2021 Amaél 
Borzée; (b) Nauphoeta cinerea. Reprinted with permission from ref. [244]. Copyright 2019 Robert 
Taylor; (c) Oxyhaloa deusta. Reprinted with permission from ref. [245]. Copyright 2021 Ruan Booy- 
sen; (d) Ulomoides dermestoides. Reprinted with permission from ref. [246]. Copyright 2018 Biological 
Museum, Lund University (MZLU); (e) Apis mellifera. Reprinted with permission from ref. [247]. Copy- 
right 2018 Coronado Govaerts; (f) Chrysomya megacephala. Reprinted with permission from ref. [248]. 
Copyright 2021 Lucy Cash; (g) Anacridium aegyptium [249]. Public Domain 2022 Niklas Wahlberg; 
(h) Pseudochorthippus parallelus. Reprinted with permission from ref. [250]. Copyright 2021 Ramuneé 
Vakaré; (i) Lucilia Sericata [251]. Public Domain 2018 Jesse Rorabaugh; (j) Oechophylla smaragdina. 
Reprinted with permission from ref. [252]. Copyright 2021 Rosawanis Rosli. 
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Figure A5. (a) Odontotermes formosanus. Reprinted with permission from ref. [253]. Copyright 
2022 Xiaoling Fang; (b) Caligo memnon. Reprinted with permission from ref. [254]. Copyright 2017 
Laura Méndez; (c) Acrossus rufipes. Reprinted with permission from ref. [255]. Copyright 2021 Lola 
Smirnova; (d) Cladomorphus phyllinum. Reprinted with permission from ref. [256] Copyright 2021 
Luciano Bernardes; (e) Acrida cinerea. Reprinted with permission from ref. [257]. Copyright 2021 
Rob Macfie; (f) Anabrus Simplex. Reprinted with permission from ref. [258]. Copyright 2017 Micah 
Lauer; (g) Teleogryllus mitratus. Reprinted with permission from ref. [259]. Copyright 2021 Colin Chiu; 
(h) Zonocerus variegatus [260]. Public Domain 2020 Isaac Caswell; (i) Chilecomadia moorei. Reprinted 
with permission from ref. [261]. Copyright 2020 Rigoberto Yafiez; (j) Machaerium maritimae. Reprinted 
with permission from ref. [262]. Copyright 2021 Associagao Vida Nativa. 
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